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HIGHLIGHTS 


•  Density  modulated  Si  thin  films  were  investigated  for  Li-ion  battery  anodes. 

•  High/low  density  Si  films  were  produced  by  a  simple  sputter  deposition  process. 

•  Alternating  low/high  Ar  gas  pressures  result  in  a  multilayer  high/low  density  film. 

•  Superior  coulombic  efficiency  and  reversible  specific  capacity  were  achieved. 

•  Density  modulated  Si  films  provide  enhanced  mechanical  stability  during  cycling. 
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The  high  volumetric  expansion/contraction  of  silicon  (Si)  anodes  in  Li-ion  batteries  by  about  -400% 
during  lithiation/delithiation  causes  considerably  high  stress  followed  by  cracking,  pulverization,  and  the 
loss  of  electrical  contact;  and  finally  results  in  capacity  fading  and  failing.  In  this  work,  we  present  a  new 
density  modulated  multilayer  Si  thin  film  anode  approach,  which  can  provide  a  robust  high  capacity 
electrode  for  Li-ion  batteries.  Alternating  high  and  low  density  layers  have  been  achieved  by  simply 
changing  the  working  gas  pressure  between  low  and  high  values,  respectively  during  magnetron  sputter 
deposition  of  Si  thin  film  anodes.  Our  results  reveal  that  density  modulated  Si  films  can  provide  a  high 
coulombic  efficiency  up  to  99%  and  reversible  specific  capacity  as  high  as  -1700  mAh  g-1  after  50  cycles. 
Low-density  layers  are  believed  to  be  performing  as  compliant  layers  during  volume  change  making  the 
films  more  durable  compared  to  conventional  Si  film  anodes.  The  results  of  this  work  can  lead  to  Si  thin 
film  anode  materials  with  superior  capacity  and  mechanical  stability  compared  to  conventional  Si 
anodes. 


©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Battery  technologies  have  been  gaining  substantial  importance 
over  the  past  decade  because  of  the  increasing  demand  for  high- 
power  and  high-energy  density  systems  especially  in  electric 
vehicle  and  portable  electronics  applications  1  .  Among  various 
types  of  batteries  developed,  lithium-ion  (Li-ion)  batteries  can  offer 
superior  electrochemical  characteristics  including  high-energy 
density,  high-voltage,  and  low  self-discharge  compared  to  other 
types  of  secondary  batteries  such  as  nickel-cadmium  and  nickel- 
metal-hydride  [2].  Because  of  these  unprecedented  properties, 
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Li-ion  batteries  became  the  most  popular  battery  type  in  portable 
electronics  such  as  laptop  computers,  digital  cameras,  and  cell 
phones.  According  to  the  recent  reports  [3],  annual  sales  of  Li-ion 
batteries  have  been  steadily  increasing,  while  the  others  were 
slowing  down  over  the  past  few  decades. 

Intensive  investigation  is  underway  on  the  development  of 
high-capacity  cathode  materials,  yet  “high  capacity”  is  theoretically 
quite  limited  for  intercalation  cathodes.  High  capacity  cathode  al¬ 
ternatives  are  limited  by  the  strict  chemical  criteria  for  Li-ion  bat¬ 
teries  [4].  It  has  become  more  feasible  to  increase  the  capacity  of 
anodes  rather  than  that  of  cathodes  [5  .  Therefore,  improving  the 
anode  capacity  is  our  current  topic  of  focus. 

Theoretical  properties  of  some  promising  Li-ion  anode  materials 
are  compared  in  Table  1  [6,7  .  Among  these  materials,  significant 
discoveries  have  been  made  in  the  past  decade  on  the  anode 
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Table  1 

Comparison  of  some  of  the  well-known  anode  materials  for  Li-ion  batteries. 


Charged  state  of  the 
compound  anode 

Density  of  the  charged 
state  (g  cm-3) 

Theoretical  specific 
capacity  (mAh  g-1) 

Theoretical  volumetric 
capacity  (mAh  cm  3) 

Volume  expansion  (%) 

LiC6 

2.02 

372 

750 

10 

LiAl 

1.35 

993 

1338 

94 

Li3Sb 

2.86 

660 

1888 

150 

L^Sns 

2.03 

994 

2022 

259 

Li22Si5 

0.56 

4200 

2354 

315 

Lii3Si4 

0.62 

3103 

1939 

236 

materials  such  as  tin  (Sn)  and  silicon  (Si).  The  exceptionally 
impressive  properties  of  Si  make  it  very  attractive  among  alterna¬ 
tive  anode  materials;  yet,  the  development  of  Si  anodes  has  been 
lagged  to  produce  practical  batteries  mainly  because  of  the  prob¬ 
lems  summarized  below. 

Silicon  is  proposed  to  be  a  promising  reversible  host  material  for 
lithium  alloying  for  Li-ion  battery  anodes  [8  .  Li-Si  alloys  can  occur 
in  different  phases  which  might  have  a  significant  effect  on  cycling 
properties  of  Si  anodes.  Boukamp  et  al.  [7]  showed  that  each  atom 
of  silicon  can  accommodate  4.4  atoms  of  lithium  in  the  structure  of 
L^Sis.  A  theoretical  specific  capacity  of -4200  mAh  g'1  (Table  1 )  is 
calculated,  which  is  the  highest  capacity  value  among  all  abundant 
elements  in  nature  [7].  This  makes  Si  one  of  the  most  favorable 
materials  for  Li-ion  battery  anode  improvement.  Moreover,  silicon 
can  be  commercially  produced  at  a  low  cost  due  to  its  profusion  in 
nature.  The  specific  capacity  of  -3580  mAh  g-1  for  Lii5Si4  (cubic) 
structure  was  reported  with  stable  cycling,  although  avoiding  this 
degree  of  lithiation  is  advantageous  for  cycling  stability  [9,10  .  The 
structure  of  the  LiisSi4  phase  is  assumed  to  be  the  same  with 
Cui5Si4  and  Lii5Ge4  and  was  able  to  hold  2.5  Li  ions  per  Si  atom  11  . 
Change  of  the  silicon  structure  during  Li  insertion/extraction  gen¬ 
erates  a  significant  problem  for  Li-ion  batteries  as  in  some  of  the 
metal  and  metal-oxide  anodes  (  'able  1).  Volume  change  corre¬ 
sponding  to  a  vast  expansion  of  -236%  seem  to  be  the  main  problem 
which  causes  fracturing  and  pulverization  of  the  Si  anode.  This 
mechanical  instability  leads  to  poor  cycleability  and  short  battery 
lifetime.  In  addition,  electronic  conductivity  of  Si,  which  is  already 
low  (~10-5  S  itT1),  is  further  reduced  due  to  pulverization  of  par¬ 
ticles  and  solid  electrolyte  interphase  (SEI)  formation  during  Li+ 
incorporation/removal.  Therefore,  high  volume  expansion/ 
contraction  of  Si  during  lithiation/delithiation  reactions  eventually 
becomes  the  main  reason  for  degradation  of  its  electrochemical 
properties.  Theoretical  and  experimental  research  on  the  volume 
expansion  of  Si  is  ongoing  [12  . 

Recently,  several  approaches  have  been  proposed  to  solve  the 
aforementioned  problems  with  Si  anodes.  Coatings  on  Si,  using 
active  and  inactive  additives,  Si-C  composites,  nanostructures  of 
elemental  Si  and  its  composites,  and  Si  thin  films  have  been 
investigated  for  this  purpose  [1,5,13  .  Using  additives  or  coatings  on 
Si  materials  were  investigated  as  they  can  minimize  the  stress 
caused  by  high  volume  change.  They  also  provide  electronical 
contact  between  Si  particles,  which  then  provides  enhanced  ca¬ 
pacity  retention.  Among  the  highest  reported  capacity  values  for 
silicon  composite  materials,  Si  powder  with  carbon  nanotube  ad¬ 
ditives  showed  a  specific  capacity  of  940  mAh  g-1  [14  .  Silicon 
nanowires  are  heavily  researched  as  anode  materials  [15,16  ,  and 
provided  specific  capacity  values  as  high  as  2800  mAh  g-1  at  the 
end  of  10  cycles  [16  .  Nano-sized  materials  can  significantly 
improve  the  lithium  transport  properties  due  to  the  high  surface  to 
volume  ratio  and  high  electrode  porosity  [1  .  Nevertheless,  the 
capacity  measurements  were  limited  to  only  a  few  tens  of  cycles, 
which  is  not  sufficient  for  commercial  applications.  Recently,  CNT- 


Si  core-shell  wire  composites  showed  the  specific  capacity  value  of 
-2900  mAh  g-1  at  the  80th  cycle  17].  Another  study  also  reported 
CNT-Si-Ni  nanowires  achieving  2000  mAh  g-1  specific  capacity  at 
the  100th  cycle  [18  .  Yi  et  al.  [19]  were  able  to  produce  Si-C  com¬ 
posite  materials  showing  specific  capacity  value  of  1500  mAh  g-1  at 
the  200th  cycle.  Although  Si-C  composites  produced  by  relatively 
more  well-developed  fabrication  techniques  such  as  pyrolysis, 
milling,  and  chemical  vapor  reactions  have  given  reasonably  good 
capacity  retention  (for  instance,  Kim  et  al.  [20]  showed  that  Si-C 
composite  nanowires  can  provide  a  discharge  capacity  of 
2768  mAh  g-1  with  the  capacity  retention  of  87%  at  the  80th  cycle), 
the  requirement  of  heat  treatment,  lengthy  production  times,  and 
in  some  cases  need  for  nanostructured  templates  make  these 
methods  also  significantly  complex  and  expensive  5,21-24  .  As 
another  approach,  Cui  et  al.  [25]  reported  a  capacity  of 
1000  mAh  g_1  and  a  capacity  retention  of  90%  at  the  100th  cycle 
with  nanowires  that  consist  of  crystalline  Si  cores  and  amorphous 
Si  shells.  Focus  of  another  study  by  Yu  et  al.  26]  was  to  avoid  the 
stress  problems  using  Si  ribbons  patterned  on  soft  substrates.  A 
capacity  retention  of  84.6%  was  achieved  at  the  500th  cycle  with  a 
capacity  of  3498  mAh  g-1.  Similarly,  Wu  et  al.  [27]  proposed  the 
development  of  Si  nanotubes  covered  with  a  SiOx  layer  to  improve 
the  mechanical  properties  of  Si  anodes.  Capacity  values  of 
1200  mAh  g”1  at  the  600th  cycle  and  600  mAh  g-1  at  the  6000th 
cycle  were  achieved  at  1  C  and  12  C  discharging  rates,  respectively, 
for  these  SiOx/Si  nanotubes.  To  the  best  our  knowledge,  these  re¬ 
sults  seem  to  be  the  highest  specific  capacity  values  over  such  large 
number  of  cycles  ever  reported  among  nanostructured  Si  anodes. 
However,  fabrication  methods  of  the  studies  above  are  often 
complicated  and  of  high-cost,  which  make  them  difficult  to  be 
implemented  in  practical  battery  applications. 

Thin  film  growth  techniques  such  as  sputter  deposition  or 
chemical  vapor  deposition  are  much  more  practical  and  inexpen¬ 
sive  compared  to  the  approaches  listed  above  [28].  They  are  also 
very  well  suited  for  micro-battery  and  thin  film  battery  applications 
[29].  In  thin  film  batteries,  the  components  are  built  layer-by-layer 
on  one  another,  which  is  quite  compatible  with  several  thin  film 
growth  methods  [6].  Moreover,  thin  film  anodes  have  several  ad¬ 
vantages  over  bulk  materials  in  Li-ion  batteries.  They  usually  pro¬ 
vide  better  stability  and  capacity  retention  and  they  operate 
kinetically  faster  due  to  shorter  pathways  for  Li-ion  insertion/de¬ 
insertion.  Si  thin  films  have  proven  to  demonstrate  prominent  re¬ 
sults  with  extensively  high  specific  capacities  [5,30-34].  However, 
for  practical  use  of  Si  thin  films  in  batteries  with  overall  high  ca¬ 
pacities,  they  should  be  thick,  at  least  in  micron  scales.  Growing 
thicker  Si  films  is  a  major  challenge  since  it  generally  suffers  from 
stress  build  up  during  deposition  followed  by  delamination  from 
the  substrate.  Pulverization  and  stress  problems  become  even 
worse  when  the  thickness  increases.  Additional  stress  during  lith¬ 
iation/delithiation  further  decrease  the  mechanical  stability. 
Although  it  is  also  a  difficult  task,  improved  adhesion  of  Si  to  the 
substrate  can  partially  improve  the  resistance  to  stress  and 
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delamination  [35,36].  In  fable  2,  electrochemical  properties  of  Si 
thin  film  anodes  with  thicknesses  higher  than  400  nm  reported  in 
previous  studies  are  summarized.  To  the  best  of  our  knowledge, 
considering  the  capacity  retention  and  the  capacity  values  in 
Table  2,  the  best  performance  was  reported  by  Uehara  et  al.  [32] 
with  a  1  pm  thick  Si  thin  film  anode,  which  lasted  for  200  cycles 
with  a  final  specific  capacity  value  of  1700  mAh  g-1.  The  high- 
capacity  results  in  those  studies  were  achieved  after  additional 
processing  steps  such  as  substrate  roughening  by  chemical  etching 
to  enhance  film  adhesion. 

In  this  study,  we  report  on  the  development  of  a  density 
modulated  Si  thin  film  approach  as  the  anode  material  for  Li-ion 
batteries  with  high  capacity  and  cycling  stability.  These  films 
consist  of  Si  layers  with  varying  densities  and  have  the  ability  to 
tolerate  high  volume  change,  stress  evolution,  and  cracking  during 
lithiation/delithiation.  This  is  believed  to  provide  enhanced  film 
stability  and  better  adhesion  to  the  current  collector.  It  was 
demonstrated  that  the  structural  properties  of  density  modulated 
multilayer  thin  films  by  a  high/low  working  gas  pressure  sputter 
deposition  method  provide  films  with  low  intrinsic  stress,  high 
mechanical  stability,  and  controlled  density  (porosity)  [37,38], 
which  is  much  desired  for  battery  applications.  Multilayer  Si  thin 
films  proposed  in  this  study  are  composed  of  high  and  low  material 
density  layers,  where  each  low  density  layer  acts  as  compliant  that 
can  relax  the  stress  build-up  and  limits  the  crack  propagation  upon 
volume  change  during  Li  insertion/extraction. 

Structure  and  morphology  of  the  films  made  by  sputtering  can 
be  controlled  depending  on  several  parameters  such  as  tempera¬ 
ture,  pressure,  and  voltage.  In  addition  to  these,  shadowing  effect 
and  surface  diffusion  process  are  also  some  important  constraints 
which  are  described  in  the  well-known  “Structural  Zone  Model 
(SZM)”  [39  .  Because  of  collisions  and  re-scattering  of  source  atoms 
as  they  pass  through  the  working  gas  (e.g.  Ar)  and  plasma,  not  all  of 
the  atoms  come  to  the  substrate  directly,  and  the  deposition  occurs 
in  a  very  broad  range  of  angles.  At  high  working  gas  pressures, 
atoms  go  through  more  collisions  due  to  the  denser  gas  causing 
lower  mean  free  path  values  leading  to  deposition  of  low  density 
thin  films.  Therefore,  by  simply  controlling  the  gas  pressure  during 
sputter  deposition,  one  can  introduce  high  and  low  density  films  by 
setting  pressure  to  low  and  high  values,  respectively. 

2.  Experimental 

2.1.  Fabrication  of  density  modulated  silicon  thin  films 

Single  and  density  modulated  multilayer  silicon  thin  films  were 
deposited  using  a  multi-source  RF/DC  magnetron  sputtering  sys¬ 
tem  (Excel  Instruments,  India).  As  illustrated  in  Fig.  1,  the  system 
had  two  magnetron  sputter  guns  one  attached  to  a  DC  and  the 
other  one  to  an  RF  power  supply  and  housing  silicon  and  chromium 
(Cr)  sputter  targets,  respectively.  The  substrate  modulator,  which 
was  at  a  distance  of  ~6  inches  from  the  sputter  targets,  had  the 
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Fig.  1.  Illustration  of  the  multi-source  sputter  deposition  system  used  for  the  growth  of 
Si  thin  film  anode  and  Cr  adhesion  layer.  Substrate  can  be  rotated  azimuthally  around 
its  axis  for  improved  coating  uniformity  or  tilted  towards  either  of  the  sources  for 
sequential  deposition. 


substrate  tilt  and  rotation  capability  controlled  by  a  computer.  It 
allowed  tilting  the  substrate  towards  the  desired  sputter  guns 
giving  the  ability  to  deposit  two  different  materials  after  one 
another.  Substrate  rotation  around  the  surface  normal  central  axis 
was  utilized  to  further  improve  the  deposited  film  thickness  uni¬ 
formity.  Circular  copper  (Cu)  foil  current  collectors  were  used  as 
substrates  for  half-cell  Li-ion  battery  tests.  Diameter  and  thickness 
of  Cu  foil  pieces  were  0.5  inches  and  ~10-3  inches  (25  micron), 
respectively.  During  depositions,  quartz  crystals  (6  MHz,  AT  cut) 
and  Si  wafer  pieces  (University  Wafers,  380  micron,  polished)  were 
also  included  as  additional  substrates  along  with  Cu  foils  for  the 
purpose  of  film  density  measurements  and  more  convenient  cross- 
sectional  scanning  electron  microscopy  (SEM,  JEOL  -  JSM7000F) 
imaging  of  the  Si  thin  films,  respectively. 

A  p-type  silicon  target  (Kurt  Lesker)  with  99.99%  purity,  diam¬ 
eter  of  2  inches,  and  thickness  of  0.125  inch  was  used  as  the  ma¬ 
terial  source  for  Si  thin  films.  We  used  a  p-Si  target  due  to  the  fact 
that  doped  silicon  films  have  been  shown  to  provide  better  elec¬ 
tronic  conductivity  and  improved  electrochemical  performance 
[31  .  A  base  vacuum  pressure  of  ~3  x  10  6  mbar  (~2.3  x  10-6  Torr) 
was  attained  using  a  turbomolecular  pump  backed  by  a  mechanical 
pump.  An  ultra-high  purity  Ar  (99.999%  purity,  Airgas)  was  used  as 
the  operating  gas  for  generating  the  plasma.  Samples  were  rotated 
along  the  central  axis  of  substrate  holder  at  5  RPM  in  order  to 
improve  the  thickness  uniformity  of  deposited  films.  Cr  target  (Kurt 
Lesker)  had  a  purity  of  99.95%,  diameter  of  2  inches,  and  thickness 


Table  2 

Electrochemical  properties  of  a-Si  thin  film  anode  materials  with  thicknesses  higher  than  400  nm. 


Production  method 

Substrate 

Thickness  (nm) 

Initial  charge— discharge 
capacity  (mAh  g-1) 

#  of  cycles 

Last  discharge  capacity 
(mAh  g-1) 

Reference 

Thermal  evaporation 

Ni 

440 

2900-2500 

200 

1800 

Takamura  2004 

Thermal  evaporation 

Ni 

520 

3000/2500 

400 

1000 

Uehara  2005 

Thermal  evaporation 

Ni 

1000 

2700/2700 

200 

1700 

Uehara  2005 

CVD 

Ni 

1200 

NA/900 

20 

200 

Graetz  2003 

CVD 

Cu 

1200 

NA/1000 

20 

200 

Bourderau  1999 

Magnetron  sputtering 

Ni 

1200 

3300/3000 

30 

1200 

Maranchi  2006 

Magnetron  sputtering 

Cu 

1000-2000 

3400/2300 

30 

-1500 

Ki-L.  Lee  2004 

Thermal  evaporation 

Ni 

3600 

3100/2300 

50 

200 

Uehara  2005 
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of  0.12/5  inch.  A  thin  Cr  initial  layer  of  about  25  nm  thickness  was 
DC-sputter  deposited  on  Cu  foils  at  normal  incidence,  150  W  power, 
2  x  10  3  mbar  (1.5  x  10  3  Torr)  Ar  pressure,  and  for  2  min  in  order 
to  improve  the  adhesion  of  Si  thin  films  to  the  Cu  substrate.  Right 
after  the  deposition  of  Cr  adhesion  layer,  sample  holder  was  turned 
toward  the  Si  target,  and  silicon  thin  films  were  RF-sputter 
deposited  at  normal  incidence  and  at  200  W.  This  sequential 
deposition  of  Cr  and  Si  layers  without  breaking  the  vacuum  avoids 
surface  oxidation  on  the  Cr/Si  interface  and  provides  stronger 
adhesion  and  higher  electrical  conductivity.  We  did  not  introduce 
substrate  heating  making  the  process  a  room-temperature  depo¬ 
sition  technique. 

As  described  before,  thin  films  with  different  densities  can  be 
produced  by  controlling  working  gas  pressure  values  during 
sputter  deposition.  Low  working  gas  pressures  leads  to  conven¬ 
tional  high  density  films,  while  high  working  pressures  cause  more 
porous  low  density  thin  films  [37,38,40].  Therefore,  it  is  possible  to 
produce  density  modulated  multilayer  Si  films  consisting  of  low/ 
high  material  density  layers  by  simply  changing  the  working  gas 
pressure  during  deposition.  In  this  study,  Ar  (working  gas)  pressure 
value  of  high  density  layers  was  set  to  1.5  x  10”3  mbar 
(1.1  x  10'3  mTorr),  while  the  pressure  for  low  density  layers  was 
1.5  x  10'2  mbar  (1.1  x  10'2  mTorr).  Ar  pressure  is  controlled  by 
throttling  a  gate  valve  between  the  turbo  pump  and  chamber.  Ar 
flow  rate  was  10  seem  and  kept  constant  controlled  by  a  flow  meter. 
Deposition  rates  were  measured  using  the  analysis  of  cross- 
sectional  SEM  images,  and  found  to  be  ~6.1  nm  min'1  and 
~2.8  nm  min-1  for  high  density  (low  Ar  pressure)  and  low  density 
(high  Ar  pressure)  layers,  respectively.  In  this  study,  we  always 
started  with  a  high-density  layer  (low  Ar  pressure)  followed  by  a 
low  density  (high  Ar  pressure)  when  preparing  the  density 
modulated  multilayer  Si  thin  film  anodes  (e.g.  Cu/Cr/high-density- 
Si/low-density-Si/high-density-Si/low-density-Si/for  the  4-layer 
density  modulated  sample). 


2.2.  Mass  loading  measurements 


Measuring  the  weight  of  thin  film  and  nanostructured  coatings 
can  be  quite  challenging  due  to  their  low  loading  values  that 
typically  can  range  from  nanogram  to  microgram  scales.  Therefore, 
small  errors  in  weight  measurements  of  a  thin  film  battery  elec¬ 
trode  may  highly  affect  the  specific  capacity  value,  and  for  that 
reason,  these  measurements  should  be  very  sensitive.  Some  re¬ 
searchers  estimated  the  weight  and  density  of  the  thin  film  Si  an¬ 
odes  using  the  theoretical  density  of  Si  (2.33  g  cm'3)  and  the 
thickness  values  measured  from  SEM  images  [30,35,41].  However, 
theoretical  density  value  can  be  appropriate  only  for  high  density 
films  deposited  such  as  by  low-working-gas-pressure  sputter 
deposited  thin  films.  Density  of  the  film  can  significantly  decrease 
as  the  working  has  pressure  increases.  Therefore,  in  order  to 
accurately  measure  the  mass  loading  and  calculate  the  material 
density  of  our  samples,  a  quartz  crystal  microbalance  system  (QCM) 
was  employed  [42].  Frequency  values  of  quartz  crystals,  which 
were  placed  near  Cu  substrates,  were  measured  before  and  after 
the  depositions,  and  mass  loadings  were  calculated  using  Sauer- 
brey  equation  [43]. 


Am 


Z  tan 


Equation  (1 )  can  be  used  to  calculate  the  mass  of  a  thin  film  (i.e. 
mass  change  Am  on  quartz  crystal  with  units  of  grams)  per  unit 
area  using  frequency  of  coated  crystal  (fi ,  Hz),  frequency  of  bare 
crystal  (Jjj ,  Hz),  frequency  constant  for  AT-cut  quartz  crystal  (Nq, 
1.668  x  1013  Hz  A),  piezoelectrically  active  crystal  area  (A,  cm2), 


density  of  quartz  ( pq  =  2.648  g  cm-3),  Z  value  (explained  below), 
shear  modulus  of  quartz  (/iq  =  2.947  x  1011  g  cm-1  s2),  and  shear 
modulus  of  film  (gf,  g  cm'1  s2).  Therefore,  as  the  deposition  area 
and  the  frequencies  are  known,  the  weight  of  the  sample  can  be 
determined  precisely. 

Z  value  is  determined  as  follows: 


z=.&  (2) 

V  w 

Film  density  was  then  calculated  by  dividing  the  measured  mass 
loading  to  the  film  volume  that  was  calculated  using  film  thickness 
values  obtained  from  cross-sectional  SEM  analysis.  QCM  method 
provides  a  nanograms  sensitivity,  which  allows  precise  film  density 
measurements. 

2.3.  Structural  characterization  and  battery  tests 

Elemental  composition  analysis  was  done  by  energy  dispersive 
X-ray  spectroscopy  (EDS)  attached  to  the  SEM  unit.  6-20  scan  X-ray 
diffraction  (XRD,  Bruker  D8)  analysis  was  conducted  to  study  the 
crystal  structure  of  our  Si  thin  films. 

Silicon  electrodes  deposited  on  copper  foil  were  cycled  in  Li-ion 
coin  cells  (Hohsen  2032)  vs.  lithium  metal  counter  electrodes.  Cells 
were  assembled  in  an  argon-filled  glovebox  (<1  ppm  O2  and  H2O) 
using  1.2  M  LiPF6  in  3:7  wt.%  ethylene  carbonate:  ethyl  methyl 
carbonate  electrolyte  and  two  Celgard  2325  separators  per  cell.  The 
coin  cells  were  cycled  at  room  temperature  between  10  mV  and 
1.5  V  vs.  lithium  at  50  pA  (40  pA  cm'2)  on  a  MACCOR  battery  tester. 

3.  Results  and  discussion 

As  described  above,  it  is  expected  that  density  of  conventional  Si 
thin  films  produced  by  low-pressure  magnetron  sputtering  should 
be  close  to  the  theoretical  density  value  of  bulk  Si.  In  addition, 
according  to  SZM,  films  fabricated  at  higher  working  gas  pressures 
should  have  a  columnar  structure  with  lower  material  density  [39]. 
Therefore,  the  density  of  our  high-pressure  Si  thin  films  is  expected 
to  be  lower  than  the  theoretical  value  due  to  the  shadowing  effect 
discussed  before.  Table  3  summarizes  the  mass  loading  and  density 
values  of  the  Cr  adhesion  layer  and  Si  thin  films  obtained  by  QCM 
weight  and  cross-sectional  SEM  thickness  measurements.  Single 
layer  silicon  films  deposited  at  low  and  high  working  gas  pressures 
had  densities  of  2.33  g  cm'3  and  2.02  g  cm'3,  which  corresponds  to 
0%  and  13%  porosity.  On  the  other  hand,  density  modulated 
multilayer  Si  films  had  a  density  of  about  2.22  g  cm'3  with  a 
porosity  value  of  ~5%,  which  reflects  the  average  property  of  high 
and  low  density  layers.  These  results  agree  well  with  the  theoretical 
predictions  of  SZM  [37,38]. 


Table  3 

Thickness,  density,  porosity,  and  weight  of  the  Si  thin  film  samples  obtained  by 
quartz  crystal  microbalance  (QCM)  weight  and  cross-sectional  scanning  electron 
microscopy  (SEM)  thickness  measurements.  Film  porosity  has  been  calculated  by 
comparing  the  measured  film  density  to  theoretical  density  of  bulk  Si  (2.33  g  cm-3). 


Sample 

Film 

thickness 

(nm) 

Density 
(g  cm-3) 

Film 

porosity 

(%) 

Weight 

(fig) 

1 -layer  low  density 

74 

2.02 

13 

18.98 

1 -layer  high  density 

98 

2.33 

0 

28.87 

2-layer  density  modulated 

190 

2.21a 

5 

53.10 

4-layer  density  modulated 

380 

2.21 

5 

106.20 

6-layer  density  modulated 

450 

2.24 

4 

127.62 

a  Density  of  2-layer  sample  was  calculated  using  the  data  from  4-layer  sample. 


Fig.  2.  Cross-section  (left  column)  and  top-view  (right  column)  SEM  images  of  a,  b)  single  layer  low  density,  c,  d)  single  layer  high  density  e,  f)  2-layer  density  modulated  and  g,  h) 
4-layer  density  modulated,  and  i,  j)  6-layer  density  modulated  Si  thin  films  deposited  on  Si  substrates. 
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Cross-sectional  and  top-view  SEM  images  of  the  Si  thin  films  on  Si 
wafers  are  shown  in  Fig.  2.  XRD  results  (not  shown  here)  did  not 
reveal  any  peaks  indicating  all  of  the  films  were  amorphous.  The 
layers  of  the  density  modulated  multilayer  samples  can  be  distin¬ 
guished  from  the  cross-sectional  images.  During  the  deposition 
when  going  from  high  density  to  low  density,  the  structure  seems  to 
be  changing  very  gradually  so  it  is  harder  to  see  the  line  between 
high  density  and  low  density.  The  4-layer  sample  thus  appears  to 
only  have  2  layers.  However  when  going  from  low  density  to  high 
density,  the  transition  is  more  drastic  so  that  the  line  is  more  visible. 
During  the  deposition  of  the  2-layer  sample,  there  were  multiple 
pauses  during  the  deposition  of  high-density  layer  because  of  the 
technical  issues  during  deposition.  We  believe  that  these  pauses 
caused  layers  with  the  same  density  on  top  of  each  other.  Therefore 
the  2-layer  sample  is  seen  as  if  it  had  more  than  two  layers.  As 
mentioned  earlier,  more  columnar  and  porous  thin  films  are  ex¬ 
pected  to  develop  during  high-pressure  sputter  deposition  according 
to  SZM.  Cross-sectional  SEM  images  (Fig.  2a  and  c)  show  that  low 
density  layers  of  Si  thin  films  look  more  porous  compared  to  the 
conventional  thin  films.  A  rougher  surface  morphology  is  also 
anticipated  in  low  density  films  due  to  the  high  porosity.  The  porous 
structure  of  low  density  film  can  be  seen  on  the  top-view  SEM  image 
(Fig.  2b),  which  is  significantly  rougher  compared  to  the  high  density 
film  (Fig.  2d).  As  all  of  our  multilayer  films  ends  with  low  density 
layers  at  the  top,  we  can  see  the  rough  surface  of  the  low  density 
layer  on  top-view  images  of  multilayer  films  (Figs.  2f,j  and  3h). 

It  is  well  known  that  adhesion  stability  of  Si  thin  films  on  Cu  foil 
is  poorer  with  increased  film  thickness  11].  Si  thin  films  can  be 
partially  or  completely  delaminated,  or  cracks  can  emerge  due  to 
the  intrinsic  stress  of  thin  films  [37  .  Our  preliminary  experiments 
(not  shown  here)  revealed  that  the  delamination  occurs  with 
conventional  Si  films  thicker  than  150  nm  on  Cu  substrates.  In  order 
to  achieve  better  sticking  property,  a  Cr  adhesion  layer  was  used  in 
all  of  our  samples  sandwiched  between  the  Cu  foil  substrate  and  Si 
films.  Although  the  thickness  of  our  6-layer  sample  is  almost  half  of 
a  micrometer,  no  delamination  was  observed.  This  improvement 
can  be  attributed  to  a  combination  of  compliant  property  of  density 
modulated  thin  films  [37,38]  and  improved  adhesion  due  to  the  Cr 
layer. 

Fig.  3  shows  the  discharge  (lithiation)  and  charge  (delithiation) 
profiles  of  Si  thin  film  electrodes  analyzed  for  up  to  50  cycles.  All 
samples  except  the  1 -layer  low  density  film  demonstrated  high 
initial  specific  capacities  approaching  -2500-3500  mAh  g_1 
(charging-discharging).  High  initial  irreversible  capacity  values  are 
attributed  to  solid  electrolyte  interphase  (SEI)  formation.  Samples 
of  1 -layer  low  density,  1 -layer  high  density,  and  6-layer  density 
modulated  Si  had  the  poorest  capacity  retention  amongst  our 
samples,  having  50th  cycle  discharge  specific  capacity  values  of 
185,  222  and  178  mAh  g_1,  respectively.  On  the  other  hand,  density 
modulated  Si  samples  of  2-layer  and  4-layer  demonstrated  much 
better  performance  with  50th  cycle  specific  capacities  of  1392  and 
1704  mAh  g-1,  respectively,  which  are  higher  than  most  of  the 
silicon  anode  results  reported  in  the  literature  (Table  2).  We  also 
note  that  high  specific  capacity  results  in  previous  studies  on  Si 
were  obtained  only  after  special  substrate  treatments,  unlike  the 
simple,  low-cost,  environment-friendly,  and  scalable  density 
modulation  process  presented  in  this  work.  The  low  cycling  per¬ 
formance  of  the  6-layer  sample  is  believed  to  originate  from  higher 
intrinsic  stress  of  this  thicker  film  that  is  typically  seen  in  sputter 
deposited  films  [38].  This  also  indicates  that  thickness  of  the  low 
density  layers  that  act  as  compliant  need  to  be  optimized,  which 
can  further  enhance  cycling  stability  for  density  modulated  films 
and  will  be  the  subject  of  a  future  study. 

A  more  detailed  investigation  of  the  cycling  performance  and 
electrochemical  properties  of  the  highest  capacity  sample,  the 
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Fig.  3.  Discharging  (a)  and  charging  (b)  profiles  of  conventional  (1-layer  samples)  and 
density  modulated  (2,  4,  and  6-layer  samples)  Si  thin  anodes. 
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Fig.  4.  Coulombic  efficiency  of  single  layer  high  density  and  4-layer  density  modulated 
Si  anodes. 
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4-layer  Si,  and  the  single  layer  high  density  Si  as  comparison  is 
presented  in  Figs.  4  and  5.  Fig.  4  shows  the  coulombic  efficiency 
over  50  cycles  for  both  samples,  with  the  inset  highlighting  the  first 
10  cycles.  The  best  performing  sample  of  4-layers  had  a  76%  first 
cycle  efficiency,  which  quickly  recovered  to  >98%  after  4  cycles. 
However,  conventional  high-density  film  experienced  several  low 
efficiency  cycles  before  stabilizing  at  >98%  after  around  30th  cycle. 
Particles  coming  off  the  electrode  or  anode  sections  not  being 
accessed  due  to  the  high  density  are  probable  contributors  to  poor 
coulombic  efficiency.  At  the  end  of  50  cycles,  the  coulombic  effi¬ 
ciency  of  both  cells  was  >98%,  which  is  attributed  to  good  me¬ 
chanical  properties  of  the  4-layer  Si  film,  and  to  only  a  low  capacity 
of  material  being  cycled  on  the  single  layer  film. 

Fig.  5a  and  b  shows  the  voltage  and  dQJdV  profiles  of  select 
cycles  for  the  conventional  single  layer  high  density  Si  sample.  The 
results  are  similar  to  those  of  the  single  layer  low  density  and  6- 
layer  samples  (not  shown).  Plateau  starting  around  0.3  V  during 
lithiation  in  Fig.  5a  is  considered  to  be  a  characteristic  of  Li-Si 
interaction.  Fig.  6a  and  b  shows  the  sample  plots  for  the  best 
electrode  tested,  the  4-layer  density  modulated  film.  Voltage  profile 
and  dQJdV  curve  of  the  4-layer  is  similar  to  the  results  of  2-layer 


Fig.  5.  Voltage  profiles  of  (a)  single  layer  high  density  and  (b)  4-layer  samples  for  first 
40  cycles. 


cycles. 

sample  (not  shown  here).  In  Fig.  6b,  the  anodic  peak  at  ~0.4  V  in 
the  first  2  cycles  can  be  attributed  to  the  SEI  layer  formation,  which 
later  disappears  in  the  3rd  cycle.  Anodic  peaks  at  0.05  V  and  0.2  V; 
and  cathodic  peaks  at  -  0.3  V  and  0.5  V  are  attributed  to  lithiation 
and  delithiation  of  Si,  respectively.  As  the  intensity  of  the  peaks 
decreases  in  single  layer  sample  in  each  cycle,  amount  of  reaction 
lowers  down  each  cycle  which  indicates  the  loss  of  active  material 
during  cycling.  In  contrast,  dQJdV  profiles  of  the  4-layer  density 
modulated  Si  sample  (and  similarly  also  of  the  2-layer  film)  ranging 
from  3rd  cycle  up  to  the  40th  cycle  overlap  perfectly  indicating  that 
there  is  not  any  notable  material  loss  from  the  electrode,  which 
further  shows  the  enhanced  durability  of  density  modulated  Si 
anodes. 

On  the  other  hand,  conventional  Si  thin  film  anodes  reported  in 
previous  studies  typically  show  poor  stability  especially  when  the 
film  thickness  is  increased  beyond  several  hundreds  of  nanometers 
where  stable  cycling  fails  immediately  after  few  tens  of  cycles  [5]. 
Researchers  were  able  to  increase  stable  critical  Si  film  thickness 
only  after  special  substrate  treatments  such  as  sanding  and 


M.T.  Demirkan  et  al.  /  Journal  of  Power  Sources  273  (2015)  52—61 


59 


chemical  etching,  which  can  enhance  the  contact  area  and  adhe¬ 
sion  with  the  anode  film  32],  while  on  the  other  hand  makes  the 
process  more  complicated,  hazardous,  and  costly.  For  instance,  Si 
thin  films  deposited  on  roughened  Cu  foils  (Table  2,  Refs.  [44]  and 
[45])  showed  specific  capacity  values  of  1200  mAh  g'1  and 
1500  mAh  g'1  at  the  30th  cycle.  On  the  other  hand,  density 
modulated  Si  films  of  this  study,  which  were  deposited  on  un¬ 
treated  current  collectors  through  a  much  facile  process,  provided 
better  cycling  performance  with  higher  specific  capacity  values 
(e.g.  the  4-layer  density  modulated  Si  anode  had  a  stable 
-1700  mAh  g-1  capacity  even  after  the  50th  cycle). 

SEM  images  including  EDS  weight  percentages  of  Si  on  the 
electrodes  before  and  after  cycling  are  shown  in  Fig.  7  for  two  of  the 
electrode  samples  of  4-layer  and  6-layer  Si,  which  had  high  and 
poor  cycling  performance,  respectively.  Single  layer  and  6-layer 
thin  films  were  observed  to  have  pulverized/peeled  off  from  the 
Cu  surface  after  50  cycles  by  visual  inspection.  SEM  images  and  EDS 
results  of  Fig.  7a  (6-layer  sample)  shows  that  these  films  almost 
completely  came  off  the  Cu  current  collector  and  with  only  some 
randomly  agglomerated  particles  left  over  on  the  surface.  EDS 
analysis  show  that  Si  is  only  found  in  these  particles  besides  some 
other  residual  material  from  the  electrolyte  for  the  6-layer  sample 
(and  similarly  for  the  single  layer  films;  not  shown).  This  indicates 


that  the  conventional  single  layer  and  6-layer  films  mostly 
delaminated  from  the  substrate,  and  leftover  Si  was  agglomerated 
with  some  residual  materials  forming  cluster-like  structures.  EDS 
detects  residual  materials  of  F,  O  and  Cr  along  with  Si  in  those 
particles  while  there  is  only  Cu  (~%97)  and  O  (-3%)  in  the  empty 
spaces.  On  the  other  hand,  according  to  Fig.  7b,  films  of  2-layer  and 
4-layer  samples  were  mostly  intact  although  some  limited 
agglomeration  was  observed.  The  SEM  micrographs  in  Fig.  7b  show 
higher  resolution  images  of  some  of  the  agglomerated  particles. 
Images  show  randomly  varied  arrangement  of  crack-like  separa¬ 
tions.  EDS  results  agree  with  electrochemical  cycling  results  where 
the  4-layer  sample  gives  the  best  durability  and  cycling  results 
amongst  our  samples. 

The  main  reason  for  failure  of  Si  as  an  anode  material  in  Li-ion 
batteries  is  the  high  volume  expansion  and  stress  change  during 
lithiation/delithiation  as  explained  earlier.  The  improvement  in  the 
cycling  properties  of  our  multilayer  Si  thin  films  can  be  understood 
in  the  view  of  a  controlled  crack  propagation  process.  When  a  small 
crack  is  initiated  in  a  standard  Si  thin  film,  it  can  move  through  the 
whole  film  until  it  reaches  at  the  interface  where  delamination 
might  occur  (Fig.  8a).  On  the  other  hand,  in  our  density  modulated 
multilayer  samples,  the  borders  between  each  layer  can  be 
considered  as  a  grain  boundary.  Cracking  is  expected  to  occur 


Before 


Fig.  7.  EDS  images  of  (a)  6-layer  and  (b)  4-layer  samples  after  electrochemical  characterization. 
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Fig.  8.  Demonstration  of  the  crack  propagation  in  (a)  standard  high  density  Si  thin  films  and  (b)  density  modulated  multilayer  Si  thin  films. 


predominantly  in  high  density  layers  due  to  their  higher  volumetric 
change  during  lithiation/lithiation,  while  the  low  density  layers 
provide  a  compliant  property  [46,47  and  better  accommodate 
volume  expansion/contraction  due  their  higher  porosity  and  sur¬ 
face/volume  ratio.  Therefore,  crack  propagation  is  likely  to  continue 
until  it  stops  at  the  boundary  with  the  neighboring  low  density 
layer  (Fig.  8b).  In  other  words,  density  modulation  can  allow 
confining  the  cracks  at  the  high  density  layers  before  it  causes 
complete  pulverization  or  delamination  of  the  film,  which  leads  to 
enhanced  toughness  of  the  film.  Even  if  any  delamination  occurs,  it 
may  happen  locally  or  layer  by  layer  thus  enhance  the  stability  and 
the  lifetime  of  the  thin  film  anode. 

The  high  porosity  of  low  density  layers  can  potentially  make  the 
diffusion  of  Li  ions  into  the  electrode  easier  and  provides  porous 
pathways  for  fast  Li  alloying/de-alloying.  On  the  other  hand,  denser 
films  are  expected  to  accommodate  more  Li  ions  (i.e.  due  to  more  Si 
atoms  per  film  volume)  and  have  better  electronic  conductivity,  yet 
they  are  more  susceptible  to  mechanical  fragmentation,  and 
lithium  diffusion  can  be  more  difficult  due  to  the  denser  structure. 
Therefore,  using  high  and  low  density  films  together  can  combine 
their  advantageous  properties  for  an  optimal  Si  thin  film  anode 
material.  It  is  believed  that  using  a  doped  Si  source  to  produce 
electrically  more  conductive  Si  films  have  a  notable  contribution  to 
the  improved  properties  [32]. 

4.  Conclusion 

We  report  that  density  modulated  multilayer  Si  thin  films 
incorporating  alternating  layers  of  low  and  high  densities  produced 
by  a  simple  high/low  pressure  sputter  deposition  process  can  have 
the  ability  to  bear  the  large  volume  changes  and  achieve  superior 
cycling  stability  as  anode  materials  for  Li-ion  batteries.  Electro¬ 
chemical  battery  tests  done  with  density  modulated  Si  thin  film 
anodes  show  that  these  films  can  provide  enhanced  specific  ca¬ 
pacity  and  stability  properties  compared  to  conventional  high 
density  Si  films  and  to  those  Si  films  prepared  by  more  complicated, 
costly,  and  environmentally  hazardous  fabrication  methods.  A  4- 
layer  density  modulated  sample  was  still  able  to  hold  a  reversible 
capacity  of  -1700  mAh  g-1  at  the  50th  cycle  with  a  high  coulombic 
efficiency  of  -99%.  Enhanced  cycling  performance  of  density 
modulated  Si  anodes  is  believed  to  originate  from  their  controlled 


microstructure  which  limits  the  crack  propagation  and  increase  the 
toughness  of  the  film  against  huge  volumetric  changes  during 
lithiation/delithiation. 
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